The transfer across the swine uterus and placenta of [1-14C]octanoic acid, [9,10(n)-3H]palmitic acid and [1-14C]linoleic acid was studied in five gilts and their fetuses during late gestation following a single bolus injection. Only trace amounts of labeled fatty acids were found in fetal plasma lipid. The highest fetal plasma lipid values were less than 1.2% of the peak maternal values. The concentration of plasma free fatty acids (FFA) and fatty acid profiles in the umbilical artery (FA) and vein (FV) and uterine artery (UA) and vein (UV) were compared. There were no measurable umbilical arterio-venous differences. Concentrations of FFA in FA and FV were about 40% of the UA and UV values (187, 194, 73, 82 ~tEq/liter for UA, UV, FA and FV, respectively). Fetal plasma contained larger amounts of 14:0, 16:1, 18:1 and 20:4, whereas maternal plasma contained larger amounts of 18:0 and 18:2. There was difference between fetal and maternal plasma for 16:0 and 18:3; the latter was present only in minute amounts. In conclusion, only Irace amounts of FFA cross the swine placental tissues during late gestation; therefore, their contribution to fetal energy supply or lipid storage appears limited.
Introduction
Comparative measurements of maternal and fetal plasma of humans, guinea-pigs, monkeys, rabbits and sheep have shown that the total concentration of free fatty acid (FFA) in fetal plasma is much lower than ~ that in maternal plasma (Hershfield and Nemeth, 1968; Portman et al., 1969; Elphick et al., 1978 Elphick et al., , 1979 Rubaltelli et al., 1978) . These large differences suggest that the placenta is not freely permeable to the passage of FFA. Although injection of labeled fatty acids into maternal circulation results in rapid appearance of radioactivity in the fetal plasma of many species, including monkeys, rabbits, rats and guinea-pigs (Portman et al., 1969; Hummel et al., 1975; Elphick et al., 1978 Elphick et al., , 1979 Thomas and Lowry, 1982) , transfer of fatty acids across the sheep placenta appears to be minimal, resulting in only traces of labeled substrate being found in the fetal plasma Leat and Harrison, 1980) . The anatomy of the pig uteroplacental attachment resembles that of sheep more closely than those of primates, rodents or rabbits. Therefore, free fatty acid transfer in pigs may be similar to that of sheep.
By dietary manipulation, the circulating levels of FFA in the sow can be substantially increased. An increased maternal nutrient supply to the developing fetus will increase lipid deposition (Kasser et al., 1981; Hausman et al., 1982; Ezekwe et al., 1984) . The objectives of this study were to determine whether FFA cross the swine uterus and placental tissues during late gestation. To this end, labeled fatty acids of different chain lengths were injected into the maternal circula-tion, and theft appearance in the fetal circulation was monitored.
Materials and Methods
Animal and Surgical Preparation. Five crossbred, primiparous sows were assigned to surgery on d 106 or 112 of gestation. Three sows (Exp. 1, 2, 3) were used to determine utero-placental transfer of linoleic and palmitic acids, and two sows (Exp. 4 and 5) were used to evaluate the transfer of octanoic acid. Throughout gestation, each sow was fed 2.0 kg of a typical corn-soybean meal diet (14% crude protein) daily. Feed was withheld from all sows overnight prior to surgery. A catheter (Medi-Wing Infusion Set; 21 ga. needle) 6 was inserted into a marginal ear vein and the external part of the catheter was sutured to the skin. General anesthesia was induced and maintained by infusion of sodium pentobarbital.
The uterus was exposed through a paramedian incision, and a catheter (polyvinyl chloride; i.d..76 mm; o.d. 122 mm) was inserted through a small branch of the ovarian artery to a position approximately 28 cm anterior to the internal iliac branch of the abdominal aorta. This catheter was secured with sutures to the uterine serosa, and patency was maintained with heparin-saline solution (1,000 IU/ml in 90% [w/v] NaCI). T~ minimize the possibility of thermal shock, fetuses remained in the abdominal cavity until samples were collected. A warm solution of .90% NaCI (w/v) was sprayed regularly on the exposed tissues to prevent dehydration. Fetuses were sampled sequentially beginning with the fetus in the left uterine horn nearest the ovary and concluding with the fetus nearest the ovary in the right uterine horn. A 4-cm to 5-cm incision was opened in the uterus and placenta, near the mesometrium, to expose the umbilical cord of the fetus to be sampled at that particular time period. Care was taken to minimize the disturbance of the fetus or its membranes, and each fetus was sampled only once. This was done to ensure a constant blood supply to the 6Sherwood Medical, Argyle Division, St. Louis, MO. 7New England Nuclear, Boston, MA. SAmersham Corp., Arlington Heights, IL. fetus prior to sampling and thus to avoid any bias caused by damage to the fetal vessels. Each point for fetal values, presented graphically, represents a single fetus. Sampling in Exp. 3 was terminated after 19 min due to the presence of only eight fetuses in that gilt.
Each experiment lasted 1.5 to 2 h, from the induction of anesthesia to the sampling of the last fetus. At the conclusion of each experiment, the sow and fetuses were euthanized by an overdose of sodium pentobarbital, and the location of the injection catheter was verified. To prepare the fatty acids for injection, the carder solvents were evaporated under N, and the fatty acids were redissolved immediately in 100 Ixl of acetone. Four milliliters of sterile serum were added slowly with stirring, and the mixture was placed under N until the odor of acetone Could be detected no longer (Noble et al., 1978) . The vial was flushed with N and stored (-20~ until use, which occurred within 24 h. The labeled material, complexed with sterile serum, was injected as a bolus, and the catheter was immediately flushed with 10 ml of saline solution (.90% [w/v] NaCI).
Preparation and Infusion of Labeled
Blood Sampling and Analysis. Blood samples were collected approximately 2, 5, 10, 15, 20, 25, 30, 40, 45 and 50 min postinjection. For each sampling period, blood samples were drawn simultaneously from uterine artery (UA), uterine vein (UV), umbilical artery (FA) and umbilical vein (FV) using catheters (MediWing Infusion Set6; 21 ga. needle). The UA and UV were sampled within 5 to 10 cm of each fetus. Samples volumes were approximately 5 ml from the fetal and 6 ml from the maternal vessels. Blood samples were placed immediately into chilled, heparinized tubes and stored in crushed ice until completion of the experiment. Samples were centrifuged (4~ to obtain plasma, which was stored at -20"C until assayed. bValues are for calorimetric assay of total free fatty acids.
c,a,eMeans within rows without a common superscript letter differ (P < .05).
Plasma lipid was extracted by the method of Folch et al. (1957) . The lower chloroform phase resulting from the extractions of duplicate plasma samples was transferred to scintillation vials, allowed to evaporate, then mixed with 10 ml of scintillation solution (Scinti Verse I1) 9 to determine radioactivity. Additional plasma (1 ml) was extracted, and the major lipid fractions were separated by TLC as described by Snyder and Stephans (1962) and Shaw and Harlan (1971) . Radioactivity was determined with a Packard Tri-carb Liquid Scintillation Spectrophotometer 1~ using dualisotope counting. Data obtained from liquid scintillation counting were corrected for counting efficiency using external standard channels ratio.
Fatty acid composition of plasma was quantitated by gas-liquid chromatography using a Hewlett-Packard n with heptadecanoic acid (17:0) as internal standard. A 1-ml aliquot of plasma was extracted, in duplicate, using the procedure of Folch et al. (1957) , and meth~ esters were prepared using boron trifluoride methanol 12. Methyl esters were partitioned on a column packed with SP-233012 after conditioning overnight at 210~ Separation was accomplished using an initial column temperature of 135"C, which was increased gradually to a final temperature of 185"C. Plasma FFA concentration was determined colorimewically by the procedure of Falholt et al. (1973) . Fatty acid profiles; FFA concentrations in UA, UV, FA and FV; and incorporation into plasma lipid fractions were analyzed statistically by analysis of variance procedures. Means were separated using Fisher's least-significant difference method (Steel and Torrie, 1980) . Data for samples taken sequentially after dosing of labeled fatty acids are presented for individual animals.
Results and Discussion
The concentrations and proportions of FFA in maternal and fetal plasma are shown in Table 1 . Maternal A and V concentrations were similar, as were fetal A and V levels; however, concentrations were different (P < .05) between maternal and fetal plasma. Fetal plasma contained greater amounts (P < .05) of 14:0, 16:1, 18:1 and 20:4 than maternal plasma, whereas maternal plasma contained significantly (P < .05) more 18:0 and 18:2. Proportions of 16:0 and 18:3 were similar in maternal artery and fetal arterial plasma. Plasma from FA contained more (P < .05) 14:0 than plasma from FV.
Maternal dosing with [14C]linoleic and [3H]palmitic acids led to high radioactivity in maternal plasma lipid within 2.5 min following injection of the labeled fatty acids (Figures 1  and 2 ). Radioactivity then dropped sharply, resulting in minimum activity in maternal plasma within 10 to 20 min postinjection. In contrast, t4c and 3H radioactivity were extremely low in the lipid fraction of fetal plasma, with peak activity less than 1.2% and .7% of the peak maternal values for linoleic and palmitic acids, respectively.
When the maternal and fetal total plasma were measured for t4C and 3H, there were considerably higher levels of radioactivity, suggesting placental transfer of these fatty acids to the fetus (Figures 3 and 4) . The levels of 3H and t~c radioactivity in the fetal plasma lipids were less than 30% and 50%, respectively, of the values found in total plasma. However, the minute amount of radioactivity from the lipid fraction of this plasma suggests that the majority of radioactivity was in a nonlipid form, or in a compound not partitioned into the chloroform phase.
The results of injecting l t4Cloctanoic acid into gilts in late gestation are summarized in Figure 5 . High radioactivity was found in maternal plasma lipids immediately after injection, but this declined rapidly during the following 15 min. There was a steady increase in radioactivity in the maternal plasma lipids after about 15 min following injection of the labeled fatty acid. As in the previous experiments, very little t4c radioactivity was detected in fetal plasma lipids; the highest values were less than 1.2% of the peak maternal values. Also, the level of t4C radioactivity in fetal plasma lipids was less than 10% of the values found in total fetal plasma. Following the injection of labeled fatty acids, radioactivity subsequently appeared in the maternal plasma lipid fractions, phospholipid cholesterol, FFA, triglyceride and cholesterol ester, as separated by TLC ( Table 2 ). The majority of [14C]linoleic acid was associated primarily with the FFA fraction during the first 5 min following injection of the labeled bolus. However, after 15 min, the greatest portion of label was found in the triglyceride fraction, and after 30 min the [14C]linoleic acid was associated almost totally with the triglyceride fraction. The phospholipid, FFA and cholesterol esters each contained small amounts of radioactivity as well. Similarly, radioactivity from [3H]palmitic and [14C]octanoic acids was found primarily in the triglyceride lipid fraction, 30 min after injection of the label. At no time was labeled material observed in the esterified lipids in fetal plasma, but rather the small amount detected was found in the FFA fraction.
These data provide supportive evidence for fetal fatty acid synthesis, as indicated by the marginal rate of transfer of long-and mediumchain FFA across the uterus and placenta, in addition to the concentration of FFA in fetal blood being about 40% mammal blood supply. Residual acetate from placental metabolism of longer-chain fatty acids may enable fetal fatty acid synthesis to occur. Kasser et al. (1981) reported that maternal fasting and alloxan diabetes both increased adipose tissue thickness in fetuses at 112 d of gestation. These authors also showed in vitro that fatty acid synthesis in s.c. adipose tissue was the major mechanism for increased lipid accumulation in fetal pigs.
We were unable to detect any FFA arteriovenous concentration difference in the fetal pig. The total concentration of FFA in the fetal plasma was considerably lower than that in the maternal plasma (only 40%), which is in agreement with measurements with fetal and maternal plasmas of several other species, including humans (Rubaltelli et al., 1978) , monkeys (Portman et al., 1969) , guinea-pigs (Hershfield and Nemeth, 1968) and sheep . The reported profile of fatty acids in maternal and fetal plasma are in general agreement with these of Leat (1965) . Newborn swine are similar to cattle, sheep and goats in that they have low levels of 18:2 in plasma. Octadecauienoic (18:3) acid, which deMeans within a column without a common superscript letter differ (P < .05).
fgaMeans within a column without a common superscript letter differ (P < .01). also has been shown by I_eat (1965) to be extremely low in calves, kids and lambs, was virtually absent from newborn pigs. Concentrations of 16:1 and 18:1 were higher in the newborn pig, calf, kid and lamb; however, piglet plasma contained higher levels of 20:4 than plasma of sows and newborn sheep, goats and cattle (Leat, 1965) .
Plasma FFA can cross the placenta from mother to fetus in a number of animals, including rats (Hummel et al., 1975; Pascaud et al., 1977), guinea-pigs (Hershfleld and Nemeth, 1969) , rabbits (Van Duyne et al., 1962; Elphick et al., 1978 Elphick et al., , 1979 Hudson et al., 1977) and monkeys (Portman et al., 1969) . There also is evidence that the human placenta is permeable to FFA (Rubaltelli et al., 1978; Hull and Elphick, 1979) . Our experiments have shown that single injections of labeled linoleic, palmitic or octanoic acids of high specific activity into the gilt during late gestation result in only trivial amounts of radioactivity being detected in fetal plasma lipids. This difference in FFA permeability could be explained by the different types of placentas; the placenta of sheep and swine are a diffuse epitheliochorial type.
Our observations are in accord with the results of Elphick et al. (1979) and Leat and Harrison (1980) , who reported that placental transfer of labeled linoleic, palmitic, oleic and linolenic acids was insignificant in the sheep. In both reports, chronically catheterized, unanesthetized ewes were used with continuous infusion techniques applied. Leat and Harrison (1980) also reported similar results when single injection techniques were used. However, these observations are in conflict with the data of Noble et al. (1978) , who reported that both palmitic and linoleic acids crossed the ovine placenta into the fetus. Differences in the analytical techniques used could account for his discrepancy. Noble et al. (1978) determined radioactivity on the total plasma, whereas our values were determined for the radioactivity located in the lipid fraction. Maternal radioactivity in the lipid fraction accounted for about 65% and 45% of the 14C and 3H radioactivity, respectively, in the whole plasma of sows in these experiments (Figure 3  and 4) . The level of 14C radioactivity in the fetal plasma lipid fraction was less than 10% of that found in whole plasma. The metabolism of [3H]palmitic acid by the placenta could release appreciable quantities of the 3H and allow passage of 3H20 to the fetus. Likewise, the oxidation of [14C]linoleic acid could result in placental crossing of labeled acetate. Elphick et al. (1979) reported that after injecting [3H]palmitic and [14C]linoleic acids into the maternal circulation, nonlipid 3H crossed the placenta as 3H20, and 14C were found in the buffer washings of lipid extracts of both maternal and fetal plasma. Therefore, data from unfractionated plasma may be difficult to interpret.
Because the fetus is surrounded by the fluid environment within the amniotic membrane, invading the uterine cavity requires the use of general anesthesia, as well as incising the maternal abdominal wall, the uterine wall and the amniotic membrane. Whether the procedures used interfere with uterine activity and fetal physiology and metabolism could be questioned. However, both barbiturate and halothane anesthesia seem to be well tolerated by the pregnant sow and have been used successfully for fetal catheterization (Barnes et al., 1977; Randall, 1977) . The acute, anesthetized preparation, for the pregnant sow, will maintain a good acid-base balance, blood pressure and degree of oxygenation for long periods (5 to 8 h) under general anesthesia (Silver, 1980) . In addition, provided all unoperated fetuses are kept undisturbed within the uterus, their condition is equally maintained (Comline and Silver, 1974) .
Although it has been suggested that fatty acids with a shorter chain length might cross the sheep placenta more readily than palmitate or linoleate (Dancis et al., 1976) , our data suggest no difference in placental transport of octanoic, palmitic or linoleic acids. These experiments indicate that in the gilt during late gestation, the rate of transfer of long-and medium-chain FFA across the utero-placenta is very low. Obviously, some linoleic acid does transverse the placenta, because it is found in the fetus, albeit in small amounts. However, if the fatty acids evaluated do cross from the plasma FFA fraction, the rate of transfer is too low to be detected by the techniques used in these experiments, or transfer rate is too slow to prove significant in the relatively short time periods employed. Alternative mechanisms involving reesteriflcation and lipoprotein transport may be involved in lipid supply to the fetus. However, a longer time interval and experimental methods different from those employed in the present studies would be required to assess cance. their signifi-
